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Sir: 

We hereby declare that we are the inventors of SCALABLE LASER WITH 
ROBUST PHASE LOCKING disclosed and claimed in the above-identified Patent 
Application. 

Enclosed herewith is a copy of an invention disclosure, which shows that the 
invention was conceived by us before October 8, 2003. We continued to work diligently 
on the invention from conception to the filing of a Patent Application on February 2, 
2004. Our conception and work on the invention occurred in the United States of 
America. 

We hereby declare that all statements made herein of our own knowledge are true 
and that all statements made on information and belief are believed to be true; and further 
that these statements were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, under 18 U.S.C. 1001 and 
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Complete the information in the spaces provided. Use me TAB key to advance to the next field. Srtft-TAB will move the cursor back one field. Either X or Space-bar 
can be used to check boxes where required. 

Prepare the Invention Disdosure Form, except for the information on page 3. The original should be signed and witnessed where indicated. Send the original and 
three copies directly to the Regional Patent Engineer (see below). Have a copy reviewed and annotated by your department manager (through your immediate 
supervisor), and then by the manager of the program office or business area most likely to benefit from protection (via patent or trade secret) of your invention. Once 
you receive the appropriate comments and signatures, the executed copy and six additional copies should also be sent to the Regional Patent Engineer at (sea 
attached instructions): 

Inventors at ELCAN, ROSI, and sites in CA or AZ: Intellectual Property & Licensing Dept., Raytheon Company, 2000 East B Segundo Blvd (EO/E0 1/E1S0), a 
Segundo, CA 90245: Texas area: Intellectual Property 4 Licensing Dept. , Raytheon Company, 13510 N. Central Expressway, M/S 200, Dallas, TX 75243; Northeast 
Region: intellectual Property & Licensing Dept., Raytheon Company. 141 Spring Street, Lexington, MA 02421. 
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energy scaled version s for directed energy weapons. 
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US and NATO allies will find use for this device In the military scenarios 
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detection and Identification of adjacent aircraft will find uses for this device. 
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NO □ 


PROOUCT{S) OR PROGRAMS), TIME FRAME 
standoff ladar eye-safe transmitters (2005 time frame), directed energy weapon 
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3. DEPARTMENT MANAGER COMMENTS TO PATENT EVALUATION COMMITTEE 






The importance of obtaining an efficient laser operating directly at eye-safe wavelengths stems from the need for a compact, robust ail-soJ id-state 
laser source to ruirfil a variety of airborne applications requiring operation at large stand-off ranges. In addition to ladar. range rinding, and target ID 
functions, this type of laser can be scaled to weapons grade energy levels tor tactical missile defense applications. A variety of airborne platforms that 
can Incorporate weapon - grade lasers already exist; however, the current laser approach is the COIL laser. Among solid-state laser options, the Er 
laser would offer the most robustness since It operates at a wavelength where the human eye is several orders of magnitude more resistant to 
damage than at arty other wavelengths. 
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See above. 

Numerous eye-safe laser ladar. range finder and target ID applications are In need of a better beam quality, mora compact, robust, light weight and 
cost effective laser that can be reacffly scaled higher powers f energies. The incorporation of this novel phase-locking technique that offers robust 
combining of a large number of Ertfber laser oscillators allows for readily scalable energies for directed energy applications in addition to large 
standoff ladar applications. 
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12. PUBLICATION, SALE, OR PUBLIC USE 
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INVENTION? (This Includes the rntemet) 


YES n 
NO E3 
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A. STATEMENT OF THE PROBLEM SOLVED BY THE INVENTION 

The Is currently a need Cora compact robust solid- state laser operating directly at eye-safe wavetength(s) that is easily scalable to high 
average powers and high pulse energies- for a variety of airborne applications. In addition, the implementation of a weapons-grade solid-state 
laserbased on a eye-safe waveingths of operation is desired by the defense industry - and currently does not exist. 



B. PRIOR ATTEMPTS OF OTHERS TO SOLVE THIS PROBLEM 

The attempts to solve the compact eye-safe laser problem included NdtYAG lasers with frequency conversions such as Raman and optical 
parametric oscillators <OPOs). These systems are Inherently bulky and cannot be readily scaled to hign energies as they require a very large 
number of pump sources to.roaKe a compact airborne platform tegrarjon Inpraefical. Er lasers that lase directly at eye-safe lasers have 
traditionally been based on glass hosts which severty Omits the thermal handling of these systems which (n turn limits the power scalability. 
Although phase locking of multiple core fiber (MCF) lasers has been demonstrated, these systems rely on the Talbot effect (based on 
periodical structures) to phase lock. This phase locking technique is limited as It requires extremely precise length equalisation of the 
individual cores and is highly dependent on the individual power output in each core. Furthermore, there a limit how many elements can be 
locked in this way because of multiplexing issues in the common cladding. NameJy. for adding tens of elements In a MCF type configuration, 
the Talbot effect would suffice: however, to extend the scaling to mutti-kW powers will Invariably require separate fiber laser oscfllators. In that 
case, the Talbot effect by itself woulf not passes the required robustness to perform and effective phase locking. 



C. HOW YOUR INVENTION SOLVED THIS PROBLEM 

The approach we propose is the Implementation of EnYAG crystal fiber laser oscillators directly coupled and pumped by high power diode 
lasers. In this way high power olode laser arrays (comprising of several bars each) would have "pigatir coupled EnYAG crystal fiber 
oscillators which will subsequently be phase locked - combined - via a robust external cavity technique that does not rely on precise oscillator 
cavity lengths implementation and does not require identical individual element output powers to efficiently phase lock - combine. 



D. WHY you BELIEVE THAT THE INVENTION is NEW (Specifically point out all novel features) 

To the best of our knowledge there are no other published reports of directly olode pumped Er.YAG crystal fiber lasers. Also, to the best of 
our knowledge, there are no published reports of the robust phase locking technique that can combine efficiently numerous fiber oscillators via 
and external cavity technique. 



14. DETAILED DESCRIPTION. 

Use the invention Disclosure Continuation Sheet to provide a detailed written description of your invention, using as many pages as 
necessary. Be certain to include a description of the "best mode" or best means of practicing the Invention known to you at this time. You 
may insert figures, tables, and photos Into this section, or you can attach copies of relevant proposals, prior art or other documentation that 
will assist the Patent Evaluation Committee in fully considering your invention, (Note: Please place information on ad clonal inventors first 
in this section). 
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High energy solid-state lasers (Yb:YAG> Nd:GGG - 1 micron wavelength) are gaining ground in development towards achieving 
weapons-grade status. One obvious shortcoming for such lasers is the collateral damage it may produce to friendly forces. Namely, 
even with laser protection goggles, eye damage risks due to secondary and tertiary glint reflection could end up inducing permanent 
eye damage to friendly troops. Clearly, then, equivalent laser sources that would have many orders of magnitude higher damage 
thresholds would be critical for practical eventual implementation of such directed energy (DEW) systems. 

Lasers operaring in a narrow region from about 1 .4 \im to 1.8 u>m where the vitreous humor absorbs strongly exhibit several orders of 
magnitude increase in human eye damage threshold: 




Figure 1. Eye damage threshold as a function of laser wavelength 
(courtesy of Dr. Larry OeShazer) 



Resonantly pumped EnYAG laser , which lases directly within the "eye-safe" wavelength window, is very similar to the Yb:YAG 
laser it is pumped directly into the upper laser excited state and has a smalt quantum defect ensuring high efficiencies and low thermal 
loading: 
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Ifnlikc Yb, however, Er does have upper lying energy levels, which could introduce parasitic losses due to upconversion and/or 
excited state absorption - as shown below: 
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J -J *i xsa 1 

Figure 3. Erxrystal upconversion dynamics 



This, fortunately only become significant at high Er concentrations* IJ . At smalt Er concentrations (< 0,5 % doping), the parasitic 
losses are insignificant and achievable optical-optical efficiencies can be as high as 50 %; however, the pump absorption is small 
requiring relatively long absorption lengths. In a standard laser at an eye-safe configuration, this becomes an issue also from the point 
of view of sensitivity to diode laser temperature dependent operating wavelength. 

Our innovative high energy eye-safe laser approach leverages the following key features of the EnYAG laser gain medium; 

• Resonantly pumped highly efficient low Er concentration gain medium 

• High absorption efficiency and insensitivity to temperature variations in an elongated EnYAG fiber structure (YAG fiber 
synthesis was demonstrated* 2 **' ). 

• Excellent energy storage capability of EnYAG (even better than in Yb:YAG lasers), but higher gain than in Englass and 
negligible re-absorption (since in YAG host Er is essentially a quasMbur level laser). This diastically reduces red-shifting which 
can affect the overall stability of the phase locker. 

• Scaleable to rnulti-kW power levels via phase phase locking technique without compromising the modular pump-fiber laser 
structure. 



• Direct diode pumped — multiplexed system with inherent compactness and integration flexibility. 
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Figure 4. ErYAG fiber laser system showing modular structure scalable to mult»-kW power levels. 



The pump sources are diode laser arrays with kW-tevet power capability. Theses diode pump arrays are coupled to the fibers via inner 
cladding either in and end-pumped configuration or side-coupled. The individual ErrYAG crystal fiber lasers oscillators have integral 
back reflectors that will allow for the necessary feedback in the coherent combining feedback cavity. The detailed end-cladding - 
pumped arrangement is shown in Figure 5 below; 
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Non-imaging "light pipe" for 
robust diode array pump 




Diode array stack 



Figure 5. Diode array end pumping in the double clad fiber structure. 



The implementation of a compact pumping arrangement where the pump diode array sources are coupled into a reflective disk 
structure for efficiently capturing all the pump light is shown in Figure 6 below: 
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Figure 6. Integrating pump cavity based on a reflective disk that provides for a compact packaging of the individual EnYAO crystal 
fiber oscillators as wetl as ensuring 100% pump absorption. 

The coherent combining / phase locking cavity arrangement is described in Figure 7 below: 
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Fiber oscillators: N- 
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Figure 7. Coherent combining / phase locking cavity arrangement that provides for a highly robust passive phase locking approach 
chat does no depend on stringent dimensional control of the individual oscillators. 

The individual fiber lasers will have a random phase and amplitude profile as shown above. The cotlimating lenses for each of the 
individual oscillators wilt provide for top hat intensity profiles. Placing an aperture in the transform ptane of an external cavity lens 
pair followed by a feedback mirror / output coupler will ensure that only the field components that are in phase will exhibit significant 
feedback as the completely out-of-phase components will be lossy and, therefore, suppressed. The aperture can either be a simple pin- 
hole type aperture for only the fundamental mode feedback, or a fitted (matched) aperture with side lobes generation. The diffraction 
of the entire system - assuming single phase matched wave front - is based on the effective aperture size of the collimating lens pairs. 

2 44/L 

D. The coherent diffraction angle is then 0^*^, = — '— — , and the spot sfec is ^he«n»r - B eohtnn x F, where F is the focal length of 
the common lenses. It clearly follows that for the individual elements, the diffraction angle - in the non phased case - is 
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2 44-A 5 ji 

0 t =a — : (this could be g = ±— in the case of a true square symmetry). Since In a symmetrical 2-D arrangement of 

M elements, Va7 rf,^ . the diffraction angle for the non- phased array is B^ ptmd m Va7 9,^^ and d^hued = ft^^F. 

It clearly follows that with the facilitation - allowance - of phase and frequency locking, only the least lossy - phased - condition will 
dominate, as the out-of-phase components will exhibit a much higher loss and will, therefore, be suppressed. The relative 
transmission (per pass) of the non-phased mode is HU™ / dnanpta«d) 2 ■ Clearly, the completely non-phased mode will be extremely 
lossy and will not be sustained. The partially phased locked modes - even with only a small fraction of the oscillators out of phase 
will see a reduction in transmission - hence - gain and will be suppressed. For the target number of - say - 100 oscillators, the 
scenario of even one pair of oscillators being out of phase will result in a -2 % loss per pass. This is still a viable operation condition 
for the implementation of phase-locked operation. 



in order to efficiently fill the two-dimensional space within the external cavity, a hexagonal mirror geometry could be implemented as 
shown In Figure S below: 



rri i r^HAiv ■ : .s&wr 



Figure 8. Efficient high fill factor implementation of the two dimensional Er:YAG fiber oscillator array. 
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As stated earlier, this colli mating lens array could transform the Gaussian TEMoo mode coming out of the single mode fiber oscillators 
to a flat top with >95 % efficiency which would be sufficient to facilitate efficient phase locking of the individual oscillators. 

In order to effect phase - coherent - locking of individual fiber oscillators two conditions need to be satisfied: 

1 . The oscillators must operate with frequencies COj = €0 within the gain bandwidth, and 

2. The phases of the individual oscillators must match: (Pj = *P- 

To achieve the first condition, one possible solution is to make the individual fiber oscillators of identical length. Although, one can 
in principle make the fibers identical in length, the oscillator cavity which is comprised of the the free space length from the fiber ends 
to the common output coupler is difficult to make exact in length for all the oscillators because of mechanical / thermal issues. Hence, 
making the fibers deliberately different in length with sufficient deviation such that frequency - longitudinal mode - overtap will occur 
within the gain bandwidth of the laser oscillation. 

rn a long cavity length oscillator of length, L, the mode-spacing defined by the resonator cavity is Av = or in terms of 

A 2 

wavelength: AA = . Here c is the speed of light and X is the center (peak) laser wavelength. For a 2 m long resonator, the 

longitudinal mode spacing (for the 1645nm laser peak wavelength) is =0.007 Angstroms. For the typical linewidth of the £r:YAG 
transition of up to I Angstrom, the gain profile wilt support about 148 modes. As the length of these fibers varies, so does the mode 
spacing. For a length difference of >U4 cm (for the 2 m long fiber), there will be mode overlap between the two dissimilar length 
oscillators - free spectral range (FSR) is exceeded for these length differences. For longer fiber oscillators (example 3 or 4 m), the 
length variation condition (for exceeding the FSR and ensuring mode overlap) of >14 cm still holds true since the number of modes 
increases with increasing fiber resonator length (22 1 modes for 3 m long and 295 modes for 4 meter long resonators). Hence the mode 
spacing is reduced and the FSR is maintained for a particular length variation. Therefore, either ensuring precisely equal lengths of 
the YAG crystal fiber oscillators, or deliberately making these oscillators with varying lengths with length differences exceeding 1.4 
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cm will ensure that all oscillators will be capable of longitudinal mode overlap - hence capable of phase locking. Because ErYAG 
crystal exhibits a sharp gain profile (unlike glass), (he spectral purity of the overlaped -phase locked oscillator Is maintained, so that 
no additional etalons are required to limit the "wavelength wander 4 * of the individual oscillators- 



The phase differences of these individual oscillators can be described as: 0> y = <p„ and (p^ = (iV -h f L m ^ ut7r , where f<l and 

N is an integer. That is, typical phases differences between adjacent oscillators will vary by many 2* cycles, thus ensuring that phase 

locking can be facilitated at some equal phase condition <p 0 = f -— L^ }titnr beyond the N—r- ^osdtiatar^ cycle offset. The 

A, A 

phase fluctuations in the different oscillators can be expressed in terms of refractive index fluctuations: 5flE)y = Srij -— L OKt/iatar where 



Srtj = 



APatctnator - A number of mechanisms can lead to Sn depending on the active material, geometrical factors and so 



on. Typically, the change in the electron population among the various energy levels in an active lasing media will lead to a change in 
refractive index. In addition, slight changes in the heat distribution will also lead to a refractive index change. For instance, a 

conservative change in refractive index as a function of temperature of ~ 10" 5 will result in a phase difference of 12.16 x 2*, or 

N = 12,/ = 0.16 for a 1°C temperature change. Thus, clearly, phase locking of the individual oscillators will easily be facilitated 
in this system. 



This phase locking techniques for combining marry indivisdual oscillators can also be applied to Yb: glass fiber lasers/amopltfiera, 
micro-lasers arrays, and semiconductor lasers. Depending on the particular gain media, intra-cavity etalons can be added in order to 
restrict the gain profile (for insurance, in glass hosts and semiconductor lasers, the gain profile is typically much broader than in 
crystal host laser.) 
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The coherent combining concept presented above features: 

1 . Completely passive - self induced phase locking 

2. Insensitive to even large fluctuations in the path length of the individual oscillator elements (such as due to mechanical, 
thermal and acoustic interference). 

3. Does not require precise alignment of the phase locking cavity because of the robust nature of this approach. 

4* Not limited to Er: YAG crystal Fiber lasers, but applicable to any laser oscillator system including slab laser oscillators 

Prior art for phase locking laser oscillators arrays (including fiber laser structures) is based on the Talbot effect l *~ This approach 
requires a highly sensitive / precise path length alignment and maintenance so that practical implementation of this technique is 
limited. In cases where the precise path length problem within the gain medium is controlled such as is the case with multi-core 
monolithic fiber-optic structures f4 * * * ] , the problem / difficulty is transferred to the power scaling limit because the heat extraction 
efficiency is again limited to a single monolithic fiber structure. Independent of utilizing the monolithic structures, the Talbot effect 
still suffers from high sensitivuty to path length perturbations in the exter n al cavity mirror portion. 
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